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Oxycombustion
• Zero emissions = oxycombustion

• Burn hydrocarbon fuel in oxygen
– Only products are CO2 and H2O 
– Condense out water
– Capture carbon dioxide for sequestration
– Extra CO2 or H2O to reduce temperature



Oxygen Ion Transport Membranes (OTMs)
• Solid membranes made of special ceramics

• Ceramic lattice contains oxygen ion vacancies

• Above ~ 700°C oxygen ions can travel through
– Acts like a sieve for oxygen



This presentation
• History of oxycombustion
• State of the art of oxycombustion
• Focuses particularly on cycles using OTMs

• Note all figures given in this presentation are taken 
from the papers referenced and are subject to the 
varied assumptions and in some cases mistakes in 
those papers.  This presentation is only a history, not 
a comparative evaluation.



Early oxycombustion concepts
• 1967 – Degtiarev and Gribovski

– First appearance of oxycombustion technology
– Greenhouse effect was not known
– Aim was cogeneration of electricity and CO2

• 1979 – Marchetti
– First oxycombustion for sequestration idea
– First recirculation of CO2
– Combustion in CO2/O2
– CO2 sequestration in ocean



Early oxycombustion concepts
• 1981 – Steinberg

– Combined oxycombustion with enhanced oil 
recovery

• First coal fired oxycombustion ideas:
– Wolsky (1985) and Berry and Wolsky (1986)
– Nakayama (1992)



CO2 recirculation – early papers
• Pechtl (1991)

– Zero emissions plant 36% efficient
– Ordinary power plant 39% efficient

• Bolland and Saether (1992)
– First combined oxycombustion plant 
– Expansion in Gas turbine
– Bottoming Rankine cycle
– Efficiency 41% (non-oxycombustion 56%)



Water recirculation – early papers
• Yantovski (1992) 

– Turbine inlet temp 1300C, Estimated efficiency 40%

• Bolland and Saether (1992)
– Turbine inlet temp 1277C, Estimated efficiency 39%

• 1992 - Van Steerenden
– Turbine inlet temp 1050C, Estimated efficiency 44%

• Current steam technology – temp is ~600C



CO2 Recirculation

• COOPERATE cycle
• Yantovski, 1994
• Discussions with turbine manufacturers

– 50% efficient at 1300 C 
• Current gas turbines: ~1300 C



MATIANT

• Mathieu, 1998
– 1300C before turbine
– 49% efficiency

• Coal-fired MATIANT
– IGCC-Matiant (Mathieu, 2005)
– 45% efficiency



Water recirculation – working example
• 1996 – Clean Energy Systems patent (Beichel)

– Working fluid about 90% steam, 10% CO2

– Efficiency 40%

• Picture from Anderson (2002)



ZENG
• Clean Energy Systems improved cycle

– Marin, 2005
– Zero Emissions Norwegian Gas (ZENG)
– Uses Nitrogen from air separator to produce work
– Calculated efficiency 45%

• Picture from CO2 Norway website



Graz cycle
• Jericha (1995)

• Similar to but more complex than CES cycle

• Some recirculation at intermediate pressure

• 57% efficiency
– Assumes oxygen is available

– CO2 delivered at atmospheric pressure



Graz cycle development
• Graz group :

– Institute for Thermal Turbomachinery and 
Machine Dynamics at Graz University of 
Technology 

• Have developed theory for  CO2 / H2O turbines

• Many different ratios as cycle developed
– Highest CO2 content was 77%
– 1300 C, 40 bar
– Extensive technical detail in Jericha, 2003



S-Graz
• Most recent Graz cycle is S-Graz
• High steam content
• 57% efficiency claimed

– Accounts for oxygen production 
– Accounts for carbon dioxide liquefaction

• Sanz (2005)



State of the art - CO2 recirculation

• As yet no plants built
• Many theoretical cycles 
• Graz group have developed theory on 

CO2/H2O turbines up to a 77% CO2 fraction



State of the Art – Water recirculation
• Clean Energy Systems

– Actually built and operate the worlds first 
oxycombustion plant

– Have since developed the ZENG cycle 
– 45% efficient (Marin 2005)
– Paper 202 earlier today

• S-Graz is very well developed theoretically
– Graz group working with Statoil



Oxycombustion using OTMs
• Use OTMs to produce oxygen required for 

combustion

• Many different groups working on this



AZEP
• Advanced Zero Emissions Power

– Different groups in many European countries
– Each member working on a particular aspect

• Basically a Rankine cycle
• Air turbocompressor cycle



AZEP
• Combustor integrated with OTM air separator
• Combustion temperature limited by OTM 

material
• Much work done on OTM unit

• Efficiency estimated as 50% 
• Picture: Sundquist and Eklund, 2004



ZEITMOP

• Zero Emissions Ion Transport Membrane 
Oxygen Power

• First introduced by Yantovksi (2003)
– Gas turbine cycle
– Air turbocompressor
– Bottoming CO2 Rankine cycle
– A lot of recirculated CO2

• OTM unit separate from combustion chamber
– Combustion temperature not limited



ZEITMOP
• Efficiency calculated as 50%
• Not yet optimised



Coal fired plants using OTMs
• OxycoalAC – Aachen (AC), Germany

– Renz, 2004
– 41% efficiency for 400MW plant
– Uses pulverised coal

• Milano cycle – Politecnico di Milano, Italy
– Romano, 2005
– 41% efficiency for 400MW plant
– Uses fluidised bed combustion

• Basically a Rankine cycle



Oxycoal-AC



Milano cycle



• Zero Emissions Solid Oxide Fuel Cell
• Fuel cell:

– Not all fuel used up
– Usually fuel then burned with air

• Siemens and Praxair developed ZESOFC
• Shockling (2001)

ZESOFC



OFFCET
• Oxygen Fired Fuel Cell Energy Turbine
• Paper 87 earlier today

– SOFC 
– OTM air separator 
– Oxyfiring of unburned fuel
– Exhaust enters gas turbine

• Efficiency similar to ZEITMOP (50%)
• Foy and McGovern (2006)

SOFC OTM

Combustion 
chamber



ZEMPES

• Zero Emissions Membrane Piston Engine 
System

• Zero Emissions Vehicle
• First introduced by Yantovski (2004)
• Latest development Paper 12 in this 

conference (Shokotov, 2006)

• Latest efficiency 47%



Oxygen Transport Membrane Reactors

• Many developed for different cycles

• AZEP reactor based on extruded monolith
• Combustion chamber/OTMR unit designed
• (Sundkvist and Ekland, 2004)



Oxygen Transport Membrane Reactors

• Oxycoal AC group also developed extruded reactor

• Much work done on details

• Renz (2004, 2005)



Current Sate of the Art of OTM 
Oxycombustion plants

• AZEP 50% calculated
– Much work done on membrane system & theoretical design

• ZEITMOP 50% calculated (not optimised)
• Milano/Oxycoal AC 41% calculated

– Work done on membrane system

• ZESOFC at laboratory scale
• OFFCET simplified calculations imply acceptable η
• ZEMPES 47% calculated



Current state of the art of OTM 
oxycombustion plants

• Many theoretical cycles
– Simulations

• Some at laboratory scale

• As of yet none built
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